Context. The Sun shows abundance anomalies relative to most solar twins. If the abundance peculiarities are due to the formation of inner rocky planets, that would mean that only a small fraction of solar type stars may host terrestrial planets. Aims. In this work we study HIP 56948, the best solar twin known to date, to determine with an unparalleled precision how similar is to the Sun in its physical properties, chemical composition and planet architecture. We explore whether the abundances anomalies may be due to pollution from stellar ejecta or to terrestrial planet formation. Methods. We perform a differential abundance analysis (both in LTE and NLTE) using high resolution (R ∼ 100,000) high S/N (600-650) Keck HIRES spectra of the Sun (as reflected from the asteroid Ceres) and HIP 56948. We use precise radial velocity data from the McDonald and Keck observatories to search for planets around this star. Results. We achieve a precision of σ 0.003 dex for several elements. Including errors in stellar parameters the total uncertainty is as low as σ ≃ 0.005 dex (1%), which is unprecedented in elemental abundance studies. The similarities between HIP 56948 and the Sun are astonishing. HIP 56948 is only 17±7 K hotter than the Sun, and log g, [Fe/H] and microturbulence velocity are only +0.02±0.02 dex, +0.02±0.01 dex and +0.01±0.01 km s −1 higher than solar, respectively. Our precise stellar parameters and a differential isochrone analysis shows that HIP 56948 has a mass of 1.02±0.02M ⊙ and that it is ∼1 Gyr younger than the Sun, as constrained by isochrones, chromospheric activity, Li and rotation. Both stars show a chemical abundance pattern that differs from most solar twins, but the refractory elements (those with condensation temperature T cond 1000K) are slightly (∼0.01 dex) more depleted in the Sun than in HIP 56948. The trend with T cond in differential abundances (twins − HIP56948) can be reproduced very well by adding ∼ 3 M ⊕ of a mix of Earth and meteoritic material, to the convection zone of HIP 56948. The element-to-element scatter of the Earth/meteoritic mix for the case of hypothetical rocky planets around HIP 56948 is only 0.0047 dex. From our radial velocity monitoring we find no indications of giant planets interior to or within the habitable zone of HIP 56948. Conclusions. We conclude that HIP 56948 is an excellent candidate to host a planetary system like our own, including the possible presence of inner terrestrial planets. Its striking similarity to the Sun and its mature age makes HIP 56948 a prime target in the quest for other Earths and SETI endeavors.
Introduction
In recent years there has been an important number of studies related to solar twins, stars which are spectroscopically almost identical to the Sun. The reader is refereed to Cayrel de Strobel (1996) for a review of the early history regarding the search for solar twins, that culminated with the identification of 18 Sco as the closest ever solar twin (Porto de Mello & da Silva, 1997; Soubiran & Triaud, ⋆ Based on observations obtained at the W.M. Keck Observatory, which is operated jointly by the California Institute of Technology, the University of California and the NASA. This paper also includes data taken at the McDonald Observatory of the University of Texas at Austin and with the ESO Very Large Telescope at Paranal Observatory, Chile (observing program 083. D-0871) . ⋆⋆ now at the Centre for Astrophysics Research, University of Hertfordshire, Hatfield, AL10 9AB, UK.
2004). More recently, new solar twins have been identified (Meléndez et al., 2006; Meléndez & Ramírez, 2007; Takeda et al., 2007; Pasquini et al., 2008; Takeda & Tajitsu, 2009; Ramírez et al., 2009) and HIP 56948 has demoted 18 Sco as the star that most closely resembles the Sun (Meléndez & Ramírez, 2007; Takeda & Tajitsu, 2009) .
Solar twins are useful to calibrate the zero-point of the temperature (Casagrande et al., 2010; Meléndez et al., 2010B; Ramirez et al., 2012) and metallicity (Meléndez et al., 2010B; Casagrande et al., 2011) scales, to better characterize the interiors of stars like the Sun (Bazot et al., 2011) , and to identify the transport mechanisms that cause Li depletion in the Sun (do Nascimento et al., 2009; Meléndez et al., 2010A; Baumann et al., 2010; Denissenkov, 2010; Castro et al., 2011; Li et al., 2012) . But most importantly, solar twins are the perfect targets to look for small chemical abundance anomalies that may have been unnoticed in previous works (Gustafsson, 2008; Gustafsson et al., 2010) .
The first spectroscopic study designed to exploit the advantages of differential abundance analysis between solar twins and the Sun, showed that our Sun has a peculiar chemical abundance pattern, suggested to arise from accretion of material depleted in refractory elements due to the formation of terrestrial planets . Further studies have confirmed, with different degrees of accuracy, that the Sun indeed has an anomalous surface composition (Ramírez et al., 2009 Gonzalez et al., 2010; González Hernández et al., 2010) 1 . We show in the appendix A, that the reality of these abundance anomalies is well established. Besides the important implications for planet formation (Chambers, 2010) and to explain abundance anomalies in Jupiter (Nordlund, 2009) , the solar abundance peculiarities may be relevant for modeling early stellar evolution (Baraffe & Chabrier, 2010) and for solving the solar modelling crisis when using low solar abundances (Nordlund, 2009; Guzik & Mussack, 2010) .
Even before the deficiency of refractory elements in the solar convection zone was discovered, Castro et al. (2007) investigated the effect of accretion of metal-poor material onto the Sun as a way to help solve the solar modelling problem when a low oxygen abundance (Allende Prieto et al., 2001; Asplund et al., 2004; Meléndez & Asplund, 2008 ) is adopted, and they found that indeed accretion provides some improvement, but the problem is not fully solved. Guzik & Mussack (2010) demonstrated an improvement in the comparison between stellar models and helioseismic data when accretion of low-Z material is taken into account (their Fig. 9 ), albeit a full resolution of the discrepancy is not found. More detailed modelling has been recently presented by Serenelli et al. (2011) , who use up-to-date nuclear cross-sections and include accretion of metal-poor and metalrich material, considering a range of accreted mass and different timings for accretion. They conclude that there is somewhat better agreement with helioseismology for differentiated accretion, but not complete agreement. Overall, models with metalpoor accretion improve the agreement with the helium abundance inferred from helioseismology, while metal-rich accretion improves both the depth of the convection zone and the sound speed profile, with exception of a model with late accretion of 0.015 M ⊙ of metal-poor material, which improves the agreement with the sound speed profile.
A detailed test of the terrestrial planet formation hypothesis was performed by Chambers (2010) , who used the composition of about two dozen chemical elements in the Earth and CM chondrites (representative of the asteroid belt). Interestingly, Chambers (2010) showed that Earth material alone can not fully explain the peculiar solar pattern, but that a mix of Earth and meteoritic material gives an excellent fit for more than 20 chemical elements. Thus, the peculiarities in the Sun could be a signature of both the formation of terrestrial planets and of the asteroid belt.
An interesting alternative interpretation of the solar abundance anomalies, from an analysis of the solar twin M67-1164 (Önehag et al., 2011) , is that the chemical peculiarities may reflect that the Sun was born in a massive open cluster like M67. Using various arguments, Adams (2010) concludes that the birth environment of the solar system might be a moderately large cluster with 10 3 -10 4 members. Nevertheless, only one solar twin in M67 has been analyzed to date for high precision chemical abundances (Önehag et al., 2011) , so, more observations are urgently needed to verify if indeed all solar twins in M67 have the same solar abundance pattern. Also, notice that based on a dynamical study, Pichardo et al. (2012) have shown that the Sun could not have been born in M67. Gustafsson et al. (2010) warned about potential systematic effects in chemical abundances due to different lines of sights when the Sun is compared to the solar twins. Kiselman et al. (2011) have recently studied the line-of-sight effect using high resolution observations at the solar equator and at latitude 45
• . Seven key chemical elements in a broad range of condensation temperature were analyzed by Kiselman et al. (2011) , who show that there is no difference in the abundances obtained at different latitudes for both volatile (to within 0.005 dex) and refractory (to within 0.002 dex) elements. Thus, it is very unlikely that the abundance anomalies seen in the Sun Ramírez et al., 2009) can be attributed to line-of-sight inclination effects.
In appendix B, we show that the Sun's chemical peculiarities also do not arise due to the particular reflection properties of the asteroids employed in the analyses, as expected given that the relative reflectance of asteroids show mostly smooth changes over hundreds of Å (e.g. Xu et al., 1995; Binzel et al., 1996; Bus & Binzel, 2002; Lazzaro et al., 2004; DeMeo et al., 2009) , about 3 orders of magnitude wider than the narrow stellar lines used in abundance analyses.
Only some 15% of solar type stars appear chemically similar to the Sun Ramírez et al., 2009 ) and therefore we regard the Sun to have an anomalous chemical abundance when compared to other solar twins. Assuming that the solar abundance anomalies are due to terrestrial planet formation, then perhaps only these 15% of solar type stars that are chemically similar to the Sun may host rocky planets. This is a lower limit to the amount of rocky planets formed around other Suns, as part of those planets may fall into their host stars, altering thus the original abundance signature. The Kepler mission (e.g. Borucki et al., 2010) will give us the first estimate of the frequency of Earth-sized planets in the habitable zones of solar type dwarfs.
It is important now to find, through a detailed chemical abundance analysis, stars which are chemically identical to the Sun and which may therefore potentially host other Earths. HIP 56948 2 is the perfect candidate for identifying subtle chemical anomalies, as this star has been found to be the most similar to the Sun in stellar parameters (Meléndez & Ramírez, 2007; Takeda & Tajitsu, 2009 ). The first high precision (σ ∼0.03 dex) detailed abundance analysis of this star showed that HIP 56948 may be one of the rare stars with a solar abundance pattern (Ramírez et al., 2009) . In the present work, we perform a much more refined study (σ ∼ 0.005 dex) of HIP 56948, to assess its similarity to the Sun and to which extent it may host a planetary system like ours.
Observations

Keck HIRES spectra for high precision abundance analysis
HIP 56948 and the Sun (reflected light from the Ceres asteroid) were observed with HIRES (Vogt et al., 1994) at the Keck I telescope on May 19, 2009. Exactly the same setup was used for both HIP 56948 and Ceres, and the asteroid was observed immediately after HIP 56948. A total exposure time of 800 s was used for both HIP 56948 and the Sun, consisting of multiple observations co-added, in order to avoid non-linearity. We stress here that for highly accurate work an asteroid should be used instead of the daytime skylight, as there are important variations in the skylight spectrum with respect to the solar spectrum (Gray et al., 2000) . Furthermore, asteroids are essentially point sources for typical observing conditions (seeing > 0.5 arcsec), thus the observation and data reduction for both stars and the asteroid are performed in the same way. A resolving power of R ≈ 10 5 was achieved using the E4 0.4"-wide slit, accepting some light loss (seeing was ∼ 0.7 arcsec) in order to achieve the necessary spectral resolution. For HIP 56948 the signal-to-noise level measured in continuum regions is about 600 per pixel at 6000 Å, while it is somewhat better (S/N = 650) for Ceres, for which the predicted magnitude at the time of the observation was V = 8.30 3 , i.e., somewhat brighter than HIP 56948 (V = 8.671±0.004, Olsen, 1993; Ramirez et al., 2012) .
The spectral orders were extracted using MAKEE 4 . Further data reductions (Doppler correction, continuum normalization, and combining spectra) were performed with IRAF. A comparison of the reduced spectra of HIP 56948 and the Sun is shown in Fig. 1 . As can be seen, the spectra are nearly indistinguishable.
McDonald and Keck radial velocities for planet search
Soon after HIP 56948 was identified as the best solar twin (Meléndez & Ramírez, 2007) , the McDonald Observatory planet search program (e.g., Endl et al., 2006; Robertson et al., 2012) began to monitor this star. The observations have been carried out with the Tull Coude Spectrograph (Tull et al., 1995) at the 2.7m Harlan J. Smith Telescope. HIP 56948 has so far been observed nine times (from May 2007 to March 2012) and the scatter of the observations is 5.2 m s −1 (discarding one outlier), which is consistent with the 5.1 m s −1 median error bar. The radial velocity data is presented in Table 1 and Fig. 2 .
In February 2011 we started observing HIP 56948 for planets using HIRES at Keck during time allocated to a NASA key science program to support the CoRoT mission. 5 We have acquired 30 datapoints with HIRES up to February 2012. The radial velocity data is presented in Table 2 and Fig. 2 .
For both instruments we use a temperature-controlled iodine cell for wavelength calibration. We use the Austral code (Endl et al., 2000) for the computation of precise differential radial velocities.
The scatter of the HIRES observations is 4.4 m s −1 , which is higher than our 2.8 m s −1 median error bar. The difference amounts to 3.4 m s −1 and can be explained by typical jitter val- for inactive stars with (B-V) > 0.60. Interestingly, the McDonald observations seem to be less affected by stellar jitter, due to the much longer exposure times required when compared to the Keck observations (∼3 min), damping the radial velocity variations due to stellar jitter. Indeed, one of the observational strategies to reduce stellar noise in short time scales (mainly stellar oscillations) is to take relatively long exposures (e.g. a long 10-min exposure, or the average of several short exposures), thus improving the precision of the observations (Dumusque et al., 2011) . We verified this with our Keck data taken during 4 nights in January 2012. Each night we took three consecutive short (∼3 min) exposures, so that the average exposure for a given night has a much lower contribution from stellar noise (lower panel of Fig. 2 ). The night-to-night scatter is only 3.3 m s −1 , in reasonable agreement with our observational error bar of 2.8 m s −1 . The Keck measurements taken in February 2011 and in January-February 2012 clearly rule out hot Jupiters, and we can even eliminate the presence of planets with masses as low as Neptune in the inner 0.04 AU (lower panel of Fig. 2) .
Considering that velocity semi-amplitudes about two-three times the typical measurement precision (in our case ∼4 m s −1 ) can be detected with confidence, we can rule out the presence of a stellar companion and of nearby giant planets. As shown in Fig. 3 , where the 2-σ (dashed line) and 3-σ (solid line) sensitivity of our observations is shown (computed as the planetary mass that would introduce detectable radial velocity variations), there is no indication for a Jupiter-mass planet in the terrestrial planet region (<3 A.U.), and even a less massive giant planet such as Saturn may be ruled out (at the 2-σ level) inside 1 A.U. So, the inner region around HIP 56948 seems free from giant planets. Examples of some circular orbits for a Jupiter-mass planet at 1 AU (Earth's distance from the Sun), 1.5 AU (Mars' distance from the Sun) and 3 AU, are shown in the upper panel of Fig. 2 . We have verified for a range of planetary masses, distances, random observing times and including error bars in the measurements, that no giant planet is present, although notice that since our data are sparsely sampled, some giant planets (especially on orbits with e > 0) may have escaped detection. Once more radial velocity data are obtained in the coming years we intend to perform detailed simulations to see which kind of planets we could have missed. With the existing dataset, we see no evidence of giant planets in the inner region around HIP 56948.
Providing we maintain a radial velocity precision of about 4-5 m s −1 for our observations, in a decade or so we should be able to detect (or rule out) the presence of a Jupiter twin, i.e., a Jupiter-mass planet orbiting at 5 A.U. from HIP 56948.
We will discuss the implications of the constraints we have deduced which limit the presence of massive planets in the inner regions around HIP 56948 further in Sect. 4, in combination with our findings of the chemical similarities between HIP 56948 and the Sun.
Abundance analysis
The abundance analysis is based on the Keck HIRES spectra, following our previous differential work on so- (Meléndez et al., 2006; Meléndez & Ramírez, 2007; Ramírez et al., 2009) , where the solar and stellar spectra are measured in exactly the same way.
An initial set of equivalent width (EW) measurements was obtained by fitting gaussian profiles with the automatic routine ARES (Sousa et al., 2007) . We computed the relative difference in equivalent width between HIP 56948 and the Sun, δW r = (EW * − EW ⊙ )/EW ⊙ , and lines with δW r deviating from the median < δW r > for a given species, were measured by hand both in HIP 56948 and the Sun. All weak lines (EW < 10 mÅ) and the lines of species with only a few lines available, were also measured by hand. About 20% of the EW measurements needed to be checked according to our initial empirical analysis, although note that this procedure only reveals the most obvious outliers. The deviating automatic ARES measurements could be due to any of these causes: i) the number of components found by ARES in the local fitting window is not exactly the same in the spectrum of HIP 56948 and the Sun, ii) the 2nd-order polynomial used to fit the local continuum could be somewhat different in both stars, iii) contamination by telluric lines do not fall exactly on the same place in both stars. Indeed, most faulty automatic measurements occur either in the blue, where the spectrum is more crowded, or in the red, where telluric contamination is higher.
An initial model atmosphere analysis is performed using the improved EW measurements and again we look for outliers from the mean abundance for each species, and they are checked by hand. In most cases the revised measurements result in a reduced scatter. The improved EW is mainly due to more consistent manual measurements, which are performed using exactly the same continuum for the Sun and the twin, and also the same part of the profile, or the same treatment of blends. This is not always the case with the automatic ARES measurements The final analysis is performed using the set of revised equivalent widths, except for lithium which is analyzed using spectral synthesis. The adopted EW for HIP 56948 and the Sun are given in Table 3 .
We use 1D Kurucz overshooting model atmospheres (Castelli et al., 1997) , as well as MAFAGS-OS (Grupp, 2004) and MARCS ) 1D LTE models. The models have different mixing-length approaches, as explained in detail in the above references. The differences in stellar parameters, between HIP 56948 and the Sun, are small, therefore essentially the same results (within ∼0.001 dex) are obtained with either Kurucz or MAFAGS-OS models.
The analysis has been performed both in LTE and NLTE. For the LTE calculations we used the 2002 version of MOOG (Sneden, 1973) , while the NLTE calculations are described in Sect. 3.3.
Stellar parameters
The stellar parameters adopted for the Sun are T eff = 5777 K and log g = 4.44 (e.g. Cox, 2000) . With T eff and log g set, the microturbulence velocity (v t ) is found by requiring no dependence of A (Fe) 6 with reduced equivalent width EW r (= EW / λ) for FeI lines. We found v For HIP 56948, an initial set of stellar parameters was found in LTE using Kurucz models. The relative spectroscopic equilibrium was achieved using differential abundances δA i for each line i,
Thus, the effective temperature is found by imposing the relative excitation equilibrium of δA i for FeI lines:
while the surface gravity (log g) is obtained using the relative ionization equilibrium. Usually, this is done using FeI and FeII, but in our case we verified that within the error bars the ionization balance is fulfilled simultaneously for Fe, Ti and Cr. Therefore, we use the mean relative ionization equilibrium between FeI and FeII, TiI and TiII, and CrI and CrII:
with the weights arbitrarily chosen, but reflecting increasingly larger errors for FeI/FeII, TiI/TiII and CrI/CrII. The microturbulence velocity v t was obtained when the differential abundances δA show no dependence with reduced equivalent width EW r :
The spectroscopic solution is found when the three conditions above (eqs. 2-4) are satisfied simultaneously, and when the 6 A(X) ≡ log(N X /N H ) + 12 metallicity obtained from the iron lines is the same as that of the input model atmosphere. Notice from the equations above that our work is strictly differential, i.e., we do not enforce absolute spectroscopic equilibrium, which may be difficult to achieve (both in LTE and NLTE) even in the Sun (Mashonkina et al., 2011; Bergemann et al., 2012) .
The initial LTE solution with Kurucz models showed that indeed HIP 56948 is extremely similar to the Sun, with differences (HIP 56948 − Sun) in T eff /logg/[Fe/H]/v t of only 17 K / 0.02 dex / 0.02 dex / 0.01 km s −1 . We also tried the MAFAGS-OS models and the same stellar parameters were obtained, with a negligible difference of ±0.001 dex in [Fe/H] from FeI and FeII lines with respect to the Kurucz models, and with a difference in the spectroscopic T eff of only 0.1 K.
Given the very similar stellar parameters between HIP 56948 and the Sun, we do not anticipate NLTE considerations to produce significant changes to the stellar parameters. Indeed, the NLTE Fe abundances indicate the same T eff within 0.4 K, with the LTE temperature being slightly cooler. In Fig. 4 we show the individual iron abundances as a function of excitation potential of the FeI lines, both in LTE and NLTE. The NLTE abundances result in ever so slightly lower line-to-line scatter (σ = 0.009 dex, s.e. = 0.001 dex) than in LTE.
Unfortunately the trigonometric Hipparcos parallax for HIP 56948 is not known with enough precision to provide better constraints than our spectroscopic value. The Hipparcos value is log g = 4.37±0.07 (Table 4) , which agrees within 1-σ with our result from spectroscopy (log g = 4.46±0.02). The above error in the trigonometric log g is due to both the uncertainty in the Hipparcos parallax and typical errors in photometric temperatures (e.g. Meléndez et al., 2010B) . Adopting instead our more precise stellar parameters we obtain a Hipparcos-based gravity of log g = 4.37±0.05, which agrees with our spectroscopic gravity within 1.3-σ.
Notice that the Hipparcos parallax (15.68±0.67 mas, according to the new data reduction by van Leeuwen, 2007) implies a distance of 63.8±2.7 pc for HIP56948. We can obtain an independent estimate of this distance assuming that the absolute magnitude of HIP56948 is identical to solar; i.e. M V =4.81 (Bessell et al., 1998) . Since V=8.671±0.004 and the error in the absolute magnitude from the uncertainty in our stellar parameters is 0.055 mag (see eq. 8), we derive a distance of 59.2±1.5 pc. Thus, there is agreement within 1.1σ for both distance estimates.
The adopted stellar parameters, errors, and comparison with other estimates, are given in Table 4 . Overall there is a good agreement (within the error bars) with other independent estimates. The errors depend on the quality of the spectra of both HIP 56948 and the Sun. Since the S/N is very high ( 600) we can put stringent constraints on the stellar parameters. Nevertheless, we are also limited by the degeneracy between T eff , log g, [Fe/H] and v t , which increases the errors. As described in the appendix C, for a fixed log g (or a small range of log g values), we could determine T eff to within 0.8 K, while if T eff is keep fixed (or within a small range), log g could be determined to within 0.006 dex. Regarding the microturbulence, for a fixed T eff and log g, v t could be determined to within 0.0004 km s −1 . Due to the degeneracies between stellar parameters and to the observational uncertainties, actually the errors are considerably larger (Table 4) , 7 K, 0.02 dex and 0.01 km s −1 for T eff , log g and v t , respectively. A detailed description of the determination of stellar parameters and the uniqueness of our solution, is given in the appendix C. As a further check of the effective temperature, we have tried to compare synthetic Hα profiles, computed using MAFAGS-OS models, to the observed Hα profiles in HIP 56948 and the Sun. Unfortunately Hα falls on an order too close to the edge of the chip, making it difficult to normalize that region properly. Despite the above problem, our tests using Hα indicate that indeed HIP 56948 is somewhat hotter (∼ +20±20 K) than the Sun, in agreement with what is found from iron lines.
LTE abundances
The adopted atomic data is presented in Table 3 . Whenever possible we use laboratory oscillator strengths, or theoretical g fvalues normalized to laboratory data (e.g., Fuhr & Wiese, 2006; Meléndez & Barbuy, 2009 ). However, the input g f -values are not critical, as they cancel out in the line-by-line differential abundances δA i . The interaction constants C 6 were computed from the broadening cross-sections calculated by Barklem et al. (2000) and Barklem & Aspelund-Johansson (2005) , using the transformation given in Meléndez & Barbuy (2009) . If broadening cross-sections were not available, we multiply the classical Unsold constant by 2.8. The adopted C 6 values are given in Table  3. The mean < δA i > and the standard deviation are computed for each atomic species, so that we readily identify any outliers. The suspicious measurements are checked by hand, both in the Sun and HIP 56948, using insofar as possible the same measurement criteria, i.e., the same continuum regions are adopted and exactly the same part of the line profile is used for the gaussian fit.
Equivalent widths were used to obtain abundances for all elements except for lithium, which was analyzed using spectrum synthesis, as in our previous work on solar twins (Meléndez et al., 2006; Meléndez & Ramírez, 2007; Baumann et al., 2010) . The line list used for spectral synthesis is presented in Table 5 . The data for the Li doublet was taken from the laboratory data presented in Andersen et al. (1984) . Although Smith et al. (1998) and Hobbs et al. (1999) reported new g f -values based on theoretical calculations, the difference with our adopted laboratory values is only ∼1%. Other atomic lines near the Li feature were taken from Mandell et al. (2004) and the Kurucz 7 and VALD (Kupka et al., 2000) databases, adjusting in some cases their g f -values to better reproduce the solar spectrum. Molecular lines of CN (Meléndez & Barbuy, 1999; Mandell et al., 2004) and C 2 (Meléndez & Cohen, 2007; Meléndez & Asplund, 2008) were also included in the spectral synthesis.
The LTE abundances were computed using Kurucz models and checked using MAFAGS-OS models. The agreement is excellent, with a mean difference (MAFAGS − Kurucz) of only −0.0010 dex in the differential abundances, and with a elementto-element scatter in the differential abundances of only 0.00075 dex (0.17%), which is quite remarkable and shows the weak dependence of our strict differential analysis to the adopted model atmosphere.
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The LTE differential abundances are provided in Table  6 , but note that the adopted abundances are those based on NLTE (when available). The observational errors, which depend mainly of the quality (S/N) of the spectra of both HIP 56948 and the Sun, are given also in Table 6 . The observational error is adopted as the standard error (= σ/ √ n) when more than three lines of a given species are available. Otherwise we assumed a minimum value of σ min = 0.009 dex (s.e. = 0.005 dex for 3 lines; s.e. = 0.006 dex for 2 lines), which is the typical line-to-line scatter for species with more than 10 lines available. When only 2 or 3 lines were available we adopted the maximum value of the observed σ and σ min , i.e., max(σ, 0.009 dex). If only one line was available, we estimated the error by performing a number of measurements with different assumptions for continuum placement (within the noise of the spectra) and profile fitting.
In addition to the observational errors, we also present the errors due to uncertainties in the stellar parameters in Table 6 , where the total error is also given. As shown in appendix B, our very small observational errors (∼0.005 dex) are plausible.
NLTE abundances
For most of the elements we have been able to account for departures from local thermodynamic equilibrium (NLTE). For Li, C, O and Na we have employed MARCS model atmospheres and the model atoms described in Lind et al. (2009 ), Fabbian et al. (2006 , 2009 and Lind et al. (2011A) , respectively, using up-to-date radiative and collisional data. We note that for Li and Na, quantum mechanical estimates of the cross-sections for collisions with both electrons and hydrogen are available. For O we adopt a scaling factor S H of 0.85 to the classical formula of Drawin (1968 Drawin ( , 1969 for excitation and ionization due to inelastic H collisions as empirically determined from the solar center-to-limb variation by Pereira et al. (2009) . For C we adopt S H = 0.1 in the absence of similar empirical evidence. For these elements the NLTE calculations were performed with the 1D statistical equilibrium code MULTI (Carlsson, 1986) .
In addition, we performed NLTE calculations for Mg, Al, Ti, Cr, Mn, Fe, Co, and Ba, using the revised version of the DETAIL code (originally published in Giddings, 1981) and the SIU code (J. Reetz, unpublished). We used MAFAGS-OS 1D LTE model atmospheres (Grupp, 2004) provided by F. Grupp (private communication). The differences in abundances required to equalize 8 The MARCS model and the mean atmospheric structure of a 3D model atmosphere , are much closer to the MAFAGS-OS model than to the Kurucz overshooting model, thus the effects of using either the MARCS or the 3D model would be even smaller than for the comparison between MAFAGS-OS and Kurucz overshooting models.
NLTE and LTE equivalent widths are defined as NLTE corrections.
For Mg and Al, the model atoms were kindly provided by T. Gehren; those models were previously used in the spectroscopic analysis of solar-type stars given in Gehren et al. (2004 Gehren et al. ( , 2006 . Atomic models for Cr, Mn, Co, and Ti, were taken from Bergemann & Cescutti (2010) , Bergemann & Gehren (2008) , , and Bergemann (2011), respectively. To compute NLTE corrections for the lines of Fe I/II, and Ba II, we constructed the model atoms from the laboratory and theoretical data given in NIST 9 and Kurucz 10 databases. For Fe I, we also used highly-excited predicted levels and transitions as recommended by Mashonkina et al. (2010) , who showed that the inclusion of these data is necessary for a realistic representation of statistical equilibrium of Fe in the atmospheres of cool stars. Photoionization cross-sections for Fe I levels were taken from Bautista (1997) . The detailed description of the Fe model is given in Bergemann et al. (2012) .
A critical parameter in the statistical equilibrium calculations is the efficiency of inelastic collisions with H I. In the absence of quantum-mechanical data, we computed the cross-sections for excitation and ionization by H I atoms from the formulae of Drawin (1969) . Following the above-mentioned studies, we adopted individual scaling factors S H to the Drawin-type crosssections for each element: Mg (0.05), Al (0.002), Ti (0.05), Cr (0), Mn (0.05), Co (0.05). These scaling factors were determined by requiring consistent ionization-excitation equilibria of the elements under restriction of different stellar parameters. For Fe and Ba, we used S H = 0.1, and 0.05, respectively.
We performed another set of independent non-LTE calculations for Na using MAFAGS-OS models and the model atom described by Gehren et al. (2006) , but the mean Na abundance only changes by 0.001 dex with respect to the value obtained using the most up-to-date model atom by Lind et al. (2011A) .
Besides the elements above (Li, C, O, Na, Mg, Al, Ti, Cr, Mn, Fe, Co, and Ba) for which specific NLTE calculations were performed for the present work, we estimate NLTE corrections for K, Ca, Zn and Zr, using the grid of NLTE corrections computed by Takeda et al. (2002) , Mashonkina et al. (2007) , Takeda et al. (2005) and Velichko et al. (2010) , respectively. Nevertheless, the differential NLTE abundance corrections are negligible for these elements (≤0.001 dex).
All the differential NLTE corrections (HIP 56948 -Sun) are given in Table 3 , except for Li. For this element the differential NLTE correction amounts to only -0.001 dex and the adopted differential NLTE Li abundance is given in Table 4 .
The abundance pattern of HIP 56948
In Fig. 5 we plot the differential abundances [X/H] between HIP 56948 and the Sun (circles) as a function of equilibrium condensation temperature (T cond , Lodders, 2003) . The fit of [X/H] vs. T cond is shown for volatile (T cond < 1000 K) and refractory (T cond > 1000 K) elements.
11 As can be seen, the element-toelement scatter around the fit is extremely small, only 0.004 dex 9 http://www.nist.gov/physlab/data/asd.cfm 10 http://kurucz.harvard.edu/ 11 Notice that for the abundance pattern of HIP 56948 the best fit is found for a break at T cond = 1000 K, while for the average of solar twins the break is at T cond = 1200 K. Although the break point was determined by fitting independently the refractory and volatile elements, and choosing the break by minimizing the scatter in both sides, with minor adjustments to provide the best match at the break point, our results are confirmed by a global fitting that assumes two linear functions to fit the . Abundance pattern of HIP 56948 (circles) versus condensation temperature. The average of the highly volatile (low T cond ) elements C and O is used as reference. The solid line represents the mean abundance pattern of the 11 solar twins studied by and the dashed line the fit to the abundance pattern of HIP 56948. Clearly, HIP 56948 is much closer to the Sun than to other solar twins.
for the volatiles and 0.007 dex for the refractories. Both are of the same order as the observational error bars, which are σ m (obs) ∼ 0.006 dex for volatiles and σ m (obs) ∼ 0.004 dex for refractories, hence showing that it is possible to achieve abundances with errors as low as ∼0.005 dex. If we take into account the errors due to uncertainties in the stellar parameters (Table 6) , then the expected total median errors (including observational errors) are 0.007 dex for volatiles and 0.008 dex for refractories, i.e., somewhat higher than the observed scatter (0.004 and 0.007 dex, respectively) around the mean trends. That means that we may be slightly overestimating our errors, and that a more representative total error for our abundances is ∼0.006 dex. As can be seen in Table 6 , it is possible to obtain a total error as small as 0.004 dex (Si) or 0.005 dex (Ni), and for several elements errors as small as 0.006 dex can be achieved (Ca, Cr, Fe, Co, Zn) . The mean [X/H] ratio of the volatile and refractory elements is <[volatiles/H]> = 0.011 (s.e. = 0.002) and <[refractories/H]> = 0.020 (s.e. = 0.002), respectively. Thus, the mean difference between refractories and volatiles in HIP 56948 amounts to only 0.009 dex, i.e., HIP 56948 has an abundance pattern very similar to solar.
In Fig. 6 we plot the differential abundances [X/<C,O>] between HIP 56948 and the Sun (circles) as a function of condensation temperature. Here the average of carbon and oxygen, <C,O>, is chosen as the reference, as those elements should not be depleted in the solar atmosphere . We also show with a solid line the mean 12 abundance pattern of the 11 solar twins studied by . The dashed line represents the mean behavior of HIP 56948 shown in Fig. 5 . This figure shows clearly that the abundance pattern of HIP 56948 is much closer to the Sun than to the mean abundance pattern of other solar twins.
The volatile elements with T cond < 1000 K have a similar behavior in HIP 56948 and the Sun, while the refractory elements are depleted (with respect to other solar twins) both in HIP 56948 and the Sun, although they are somewhat less depleted (by ∼0.01 dex) in HIP 56948. Therefore, it seems that somewhat less dust was formed around HIP 56948 than around the Sun. Interestingly, in the sample of solar twins studied so far, the Sun seems to be the most depleted in refractories. If this peculiar abundance pattern is related to the formation of rocky planets Ramírez et al., 2009 Ramírez et al., , 2010 Chambers, 2010) , that signature could be used to search for possible candidates to host terrestrial planets. Below, we discuss in detail various other possibilities that could cause abundance anomalies.
Discussion
From the determination of isotopic abundances in meteorites it has been shown that short-lived radionuclides were present in the early stages of the solar system, perhaps due to pollution by an asymptotic giant branch (AGB) star (Wasserburg et al., 1994; Busso et al., 1999; Trigo-Rodríguez et al., 2009) or by supernova (Cameron & Truran, 1977; Boss & Foster, 1998; Ouellette et al., 2010) , although other causes may be possible. Thus, before discussing the terrestrial planet formation scenario, we assess if the solar anomalies may be due to other causes such as pollution by intermediate or high mass stars.
whole dataset by assuming that those functions are equal at the break point.
12 the robust estimator trimean is used 4.1. Abundance anomalies: AGB/SN pollution or terrestrial planets?
In we argued against the hypothesis that the abundance anomalies found in the Sun could be due to galactic chemical evolution effects or supernova pollution, as the solar chemical peculiarities do not seem to follow those abundance patterns. Here, we study in more detail whether the anomalies could be due to pollution by an AGB star, thermo-nuclear supernovae (SNIa), core-collapse supernovae (SNII) or a hypernova (HN), by subtracting the yields of those objects to the solar nebula (i.e., "de-polluting" the solar abundances) and comparing the results to the pattern of the solar twins. Following the tentative AGB pollution scenario of Trigo-Rodríguez et al. (2009), we use a dilution factor of 1 part of AGB material per 300 parts of original solar nebula material (equivalent to mixing 0.0185 M ⊙ of AGB ejecta), for which solar abundances from Anders & Grevesse (1989) were adopted. Note that the use of the new solar abundances by Asplund et al. (2009) do not have a significant impact on the abundance trend, as shown in Fig. 7 (top panel) . For SNIa, SNII, and HN we assume that the same amount of mass as used in the AGB scenario is mixed into 1M ⊙ of solar system material. For consistency with the AGB scenario we use the solar abundances from Anders & Grevesse (1989) .
The amount of material that would actually be injected is uncertain. There is no reason that a SN would inject about the same amount of mass as an AGB star. Young et al. (2011) note that SN are more likely to pollute the entire molecular star forming cloud, not an individual protosolar nebula. They estimate that a ∼ 1% enrichment of the protosolar molecular cloud by ejecta from SNII can account for the oxygen isotope ratios measured in the solar system. However as we are only interested in the qualitative impact (trend with condensation temperature) that such yields have on a protosolar nebula and not the quantitative details, the actual amount of pollution from an individual SN or AGB model should not strongly impact our conclusions. The same can be said for the exact amount of the AGB and SN yields, which are inherently quite uncertain.
A massive AGB star of 6.5 M ⊙ was chosen, as it has a short lifetime (∼55 Myr). Our AGB model and yields are described in Karakas & Lattanzio (2007) , Trigo-Rodríguez et al. (2009) and Karakas (2010) . The results after removing the AGB pollution are shown in Fig. 7 (top panel). As can be seen, contamination by a massive AGB star cannot explain the abundance trend with T cond . The main signature from an hypothetical 6.5-M ⊙ AGB star would be a large change in nitrogen.
We have also considered pollution by SNII, HN, and SNIa, according to the yields described in Kobayashi et al. (2006) , Kobayashi & Nomoto (2009) and Kobayashi & Nakasato (2011) . Miki et al. (2007) suggest that a supernova of a massive star of at least 20 M ⊙ was responsible for the anomalies of short-lived radionuclides discussed above, so for the SNII and HN, a 25 M ⊙ was adopted. As seen in Fig. 7 , the trend with condensation temperature cannot be explained by either SNII or HN.
Finally, for the binary system leading to a SNIa, we choose a system composed of a 3M ⊙ of primary star + 1.3M ⊙ of secondary star, with a metallicity of 0.1 Z ⊙ for the progenitors, which are supposed to have been born 4.5Gyr ago. The binary system evolves to ∼1M ⊙ C+O white dwarf plus 1.3 M ⊙ of secondary star, then to 1.374 M ⊙ SNIa + 0.9 M ⊙ remnant of the secondary star. Thus, for the contamination by ejecta of SNIa, we include 1.374 M ⊙ of processed metals by SNIa plus (3 + 1.3 − 0.9 − 1.374) M ⊙ of unprocessed matter in the stellar winds.
Again, pollution by SNIa cannot explain the peculiar solar abundance pattern (Fig. 7) . We also tried other combinations for the progenitors of SNIa, but these yields also do not reproduce the trend with condensation temperature shown in Fig. 7 .
Therefore, we conclude that the peculiar solar abundance pattern cannot be due to contamination by AGB stars, SNIa, SNII or HN, as predicted by state-of-the-art nucleosynthesis models. We emphasize that our results do not rule out that a SN or AGB star contaminated the proto-solar nebula to cause the observed isotopic anomalies in meteorites, rather, we discard pollution as a viable explanation of the peculiar elemental abundances in the Sun.
The abundance pattern of HIP 56948 and terrestrial planets
As discussed above, pollution from stellar ejecta cannot explain the anomalous solar abundance pattern. A possible explanation for the peculiarities is the formation of terrestrial planets Ramírez et al., 2009 Ramírez et al., , 2010 Gustafsson et al., 2010; Chambers, 2010) . The same planet formation scenario may be applied to HIP 56948. To verify this, we obtained the abundance ratios of the 11 solar twins of relative to HIP 56948, again using the average of C and O as reference. The resulting mean trend is represented by a dashed line in Fig. 8 . The trend of solar twins relative to the Sun is shown by a solid line. Thus, the same terrestrial planet formation scenario could be applied for HIP 56948, except that the Sun has ∼0.01 dex smaller refractory-to-volatile ratio than HIP 56948. So, the Sun could have formed more rocky planets than HIP 56948, or perhaps slightly more massive rocky planets than in HIP 56948. In any case, the overall amount of rocky material may have been higher around the Sun than around HIP 56948.
Recently, Chambers (2010) has shown that a mix of 4 Earth masses of Earth-like and meteoritic-like material, provides an excellent element-to-element fit for the solar abundance anomalies for about two dozen chemical elements.
13 Interestingly, the above mixture reproduces the anomalies significantly better than a composition based either only on Earth material or only on carbonaceous-chondrite meteorites. Using his detailed abundance pattern of Earth and carbonaceous chondrites, we can check whether the same mixture could fit HIP 56948. Indeed, as shown in Fig. 8 , a 3-Earth-mass mixture of Earth plus meteorites (filled circles) provides an excellent fit to the abundance pattern of the solar twins relative to HIP 56948 (dashed line). The element-to-element scatter of the Earth/chondrite mix with respect to the fit (dashed line) is only 0.005 dex. Notice that the chemical elements included in Fig. 8 are not necessarily the same ones studied in HIP 56948 because for the Earth/meteoritic mix we can include other elements such as fluorine and uranium (Chambers, 2010) .
The abundance pattern of the solar twins with respect to the Sun (Fig. 8, solid line) , seems to require more than the four Earth masses suggested by Chambers (2010) . Note that we are normalizing to <C,O>, while Chambers (2010) normalizes to iron, 13 Notice that although this indicates that a certain amount of both Earth-like and meteoritic-like material may have been removed from the Sun (in comparison with the solar twins), this does not imply necessarily that the removed material was employed to form the terrestrial planets and asteroids.
and that the mean solar abundance trend adopted by Chambers (2010) may be slightly different than ours, hence some differences are expected. The fit for the Sun (σ = 0.010 dex) is not as good as for HIP 56948 (σ = 0.005 dex). In total 6 M ⊕ of rocky material is needed to fit the Sun, while 3 M ⊕ is needed to fit HIP 56948. So, perhaps about twice more rocky material was formed around the Sun than around HIP 56948.
Interestingly, both the Sun and HIP 56948 seem to require about the same mass of Earth-like material (2 and 1.5 M ⊕ , respectively), but the amount of CM chondrite material seems much higher for the Sun (4 M ⊕ ) than for HIP 56948 (1.5 M ⊕ ). Although 4 Earth masses of meteoritic material may seem too high considering the current mass of the asteroid belt, various models predict that the belt has lost most of its mass (e.g., Weidenschilling, 1977; Wetherill, 1989 Wetherill, , 1992 Petit et al., 1999; Chambers & Wetherill, 2001; Minton & Malhotra, 2010) . In particular, the simulations by Chambers & Wetherill (2001) show that a few Earth masses of material from the belt can be removed, either via collisions with the Sun or ejected from the solar system. In contrast, material in the terrestrial-planet region had a good chance of surviving (Chambers & Wetherill, 2001) . Thus, albeit a large mass of material may have formed in the asteroid belt, most of the initial mass has already been removed.
The 2 M ⊕ of Earth-like material seen in the chemical composition of the Sun is comparable with the total mass of the terrestrial planets in the solar system, and only somewhat higher than the amount of Earth-like material around HIP 56948. As shown above, the different slopes of the abundances of volatile and refractory elements (with condensation temperature) may be used to constraint the type of solid bodies that were originated as a result of planet formation using the different abundance patterns of the Earth and meteorites (Chambers, 2010) . Thus, the careful analysis of stellar chemical compositions offer the thrilling prospect of determining which type of rocky objects were formed around stars.
In line with our above findings on the similarities between HIP56948 and the Sun, the radial velocity monitoring of HIP 56948 (Section 2.2) shows no indication of inner (< 3 A.U.) giant planets, as massive as Saturn or Jupiter. Thus, the inner region around HIP 56948 can potentially host terrestrial planets. The remarkable chemical similarities between HIP 56948 and the Sun, also suggest that HIP 56948 may be capable of hosting rocky planets.
Also, metal-rich solar analogs without close-in giant planets seem to have an abundance pattern closer to solar than stars with detected giant planets ).
14 Our findings open the truly fascinating possibility of identifying Earth-mass planets around other stars based on a careful high resolution spectroscopic analysis of stellar chemical compositions. Once the Kepler mission (e.g. Borucki et al., 2010) announces the discovery of Earth-sized planets in the habitable zones of G-type dwarfs, our planet signature could be verified by high precision chemical abundance analyses of those stars. Although they are relatively faint (confirmed Kepler planethosting stars have a mean magnitude of K p = 13.8±1.5), recentlÿ Onehag et al. (2011) have shown that it is possible to achieve high precision (0.03 dex) differential abundances even in stars with V≈15. They analyzed the faint (V = 14.6) solar twin M67-1194 using VLT/FLAMES-UVES, showing that it has a remarkable chemical similarity to the Sun.
The mass, age, luminosity and radius of HIP 56948
Contrary to commonly thought, reasonable estimates of the ages of main-sequence stars can be obtained using standard isochrone fitting techniques, 15 provided the isochrones are accurate (i.e., calibrated to reproduce the solar age and mass) and the stellar parameters T eff , log g, [Fe/H] are known with extreme precision, as illustrated in Fig. 9 .
We used a fine grid of Yonsei-Yale isochrones (Yi et al., 2001; Kim et al., 2002; Demarque et al., 2004) Our grid has been normalized to reproduce the solar age and mass from the input solar parameters (T eff = 5777 K, log g = 4.44, [Fe/H] = 0.0). The normalization factor was found by performing small offsets around the solar T eff , log g and [Fe/H] to see which offsets better reproduce the solar age and mass. We found that shifts in T eff and log g are not needed, as the best compromise solution can be found with only a small shift of −0.04 dex in the observed [Fe/H], meaning that the models are off by +0.04 dex in metallicity. Thus, the input metallicity used to compare with the isochrones is:
That normalization gives a mean solar mass of 1.000 M ⊙ (to within 0.003 M ⊙ ) and a mean solar age of ∼4.5 Gyr (to within 0.2 Gyr), which is in excellent agreement with the age of the solar system (∼4.567 Gyr, Connelly et al., 2008; Amelin et al., 2010) . The calibration of the models to the solar mass and age is valid for a broad range of errors of 10-140 K in T eff and 0.01-0.10 dex both in log g and [Fe/H]. Thus, after the zero-point shift of Eq. 5 is applied, our resulting masses and ages are accurate. If the input errors are much higher than those indicated above, the zero point of the solutions need to be revised.
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The isochrone points are characterized by effective temperature (T ), logarithm of surface gravity (G), and metallicity (M), with a step in metallicity of 0.01 dex around [Fe/H] = 0.
We obtained an estimate of the age of HIP 56948 from its isochrone age probability distribution (APD):
where T eff , log g, [Fe/H] are the observed stellar parameters, ∆(age) is an adopted step in age from the grid of isochrones, and:
The errors in observed stellar parameters are ∆T eff , etc. The sum in Eq. 6 is made over a range of isochrone ages and in principle all values of T, G, M. In practice, however, the contribution to the sum from isochrone points farther away than T eff ± 3∆T eff , etc., is negligible. Therefore, the sum is limited to isochrone points within a radius of three times the errors around the observed stellar parameters. A similar formalism allows us to infer the stellar mass. The probability distributions are normalized so that dP = 1. The most probable age and mass are obtained from the peaks of these distributions while 1 σ and 2 σ Gaussian-like lower and upper limits can be derived from the shape of the probability distributions. Fig. 10 shows the APDs of the Sun and HIP 56948. For HIP 56948 we adopted errors from our differential analysis relative to the Sun of 7 K in T eff , 0.02 dex in log g, and 0.01 dex in [Fe/H], while for the Sun we adopted errors of 5 K in T eff and 0.005 dex in log g and [Fe/H]. Although the errors for the Sun are overestimated, they allow us to obtain a smooth APD.
Using our precisely determined stellar parameters for HIP 56948, we derive a most probable age of 3.45 Gyr. The 1 σ range of ages is 2.26-4.12 Gyr whereas the 2 σ range of ages is 1.25-4.92 Gyr. Notice that although the adopted He abundance may have some influence on the derived age, our small error bars in the stellar parameters of HIP 56948, rule out radically different He abundances. For relatively small changes in He, the effect on the derived stellar age is relatively minor. This is discussed in detail in appendix D, where stellar tracks with different He abundances are presented. The mass is much better constrained; for HIP 56948 we derive 1.020 ± 0.016 M ⊙ (2 σ error).
In Fig. 10 we also show the APD of HIP 56948 assuming that its parameters were obtained using standard methods, for example obtaining T eff from photometric data and log g from the Hipparcos parallax. The standard method imply an error of at least 100 K in T eff due to uncertainties in the zero-point of color-T eff relations (Casagrande et al., 2010; Meléndez et al., 2010B) , while the error in Hipparcos parallax and typical errors in mass, T eff and V magnitude imply a total error of about 0.07 dex in log g. For the error in [Fe/H] of a typical abundance analysis we adopt 0.05 dex. Clearly, in this case the age of HIP 56948 is not well constrained. At most, we can say that the star is likely younger than about 8 Gyr. Thus, another advantage of studying solar twins using very high quality spectroscopic data and strict differential analysis is that useful estimates of their ages can be obtained with the classical isochrone method, which can be a valuable asset for a variety of studies (e.g., Baumann et al. 2010) .
The luminosity of HIP 56948 can be estimated from:
where M is the stellar mass and L the luminosity. Using our precise stellar parameters and mass we find L = 0.986 ± 0.051 L ⊙ . Thus, the luminosity of HIP 56948 is essentially solar and therefore the extent of its habitable zone should be similar to the habitable region around the Sun (Kasting et al., 1993) . From L = 4πR 2 σT 4 eff , we find a radius of R = 0.987 ± 0.023 R ⊙ , i.e., solar within the error bars.
Further constraints on the age of HIP 56948
Additional insight on the age of HIP 56948 can be obtained from its chromospheric activity (Soderblom, 2010), lithium abundance (do Nascimento et al., 2009; Baumann et al., 2010) and gyrochronology (Barnes, 2007) .
Determination of stellar ages based on chromospheric activity may only be valid for solar type stars younger than ∼2 Gyr (Pace & Pasquini, 2004; Pace et al., 2009; Zhao et al., 2011) , as older stars show a low activity level which changes little with increasing age. Chromospheric activity is thus mainly useful to distinguish young and old stars. A measurement of chromospheric activity for HIP 56948 was obtained by Meléndez & Ramírez (2007) (Baliunas et al., 1995) . The low S -value of HIP 56948 suggests that it should be older than ∼2 Gyr.
Although it is well-known that lithium steeply decays with age in very young stars (Soderblom, 2010), only recently it has been observationally shown that the decay continues for older ages (Meléndez et al., 2010A; Baumann et al., 2010) , as already predicted by several models of non-standard Li depletion (Montalbán & Schatzman, 2000; Charbonnel & Talon, 2005; do Nascimento et al., 2009; Xiong & Deng, 2009; Denissenkov, 2010) . Unfortunately we cannot determine stellar ages with the required precision to discern to what extent there is a spread (or not) in the age-lithium relation, although the most precise values available (this work; Ramírez et al., 2011 , Meléndez et al. 2012 show relatively little dispersion (Fig. 11) . Theoretical Li-age relations can be used to check if a lithium age is compatible with the age determined from isochrones. In Fig. 11 we compare several Li theoretical tracks (Charbonnel & Talon, 2005; do Nascimento et al., 2009; Xiong & Deng, 2009; Denissenkov, 2010) with our NLTE Li abundances and isochrone ages. As can be seen, the agreement is excellent. If we were to derive an age for HIP 56948 based on the theoretical Li-age relations, it would be 3.62±0.19 Gyr, i.e., almost the same age determined using isochrones. This comparison give us further confidence that HIP 56948 is about 1 Gyr younger than the Sun. Although the scatter of the Li age obtained using different Li tracks is relatively small (0.19 Gyr), we conservatively assign an error of 1.0 Gyr to the Li-age, to take into account any possible observational spread of the Li-age relation around solar age (Fig. 11) .
Stellar rotation can be used to estimate a rotational age (Barnes, 2007; Soderblom, 2010) . Unfortunately there is no information on the rotation period of HIP 56948 yet. Nevertheless, v sin i can give us an upper limit on the rotation period, thus allowing to infer an upper limit on the age. The determination of v sin i is based on the differential line broadening between HIP 56948 and the Sun, as described in the appendix E.
We infer for HIP 56948 v sin i/vsin i ⊙ = 1.006 ± 0.014, or ∆ v sin i = +0.013 ± 0.026 km s −1 (or ±0.032 km s −1 including the error in macroturbulence), i.e., HIP 56948 seems to have about the same rotation velocity as the Sun. Within the uncertainties we infer that HIP 56948 cannot be older than the Sun. Using the relation between rotation period and age given in Meléndez et al. (2006) and Barnes (2007) , we find an upper limit of age ≤ 4.7 Gyr.
Fig. 12 summarizes our findings on the age of HIP 56948. Our precise stellar parameters and differential isochrone analysis result in an age of 3.45 ± 0.93 Gyr (1-σ error). The somewhat higher Li abundance of HIP 56948 with respect to the Sun indicates an age of ∼3.62±1.00 Gyr. Chromospheric activity gives a lower limit of 2 Gyr, while v sin i suggests an upper limit of 4.7 Gyr. In Fig. 12 we show the combined age probability distribution. Based on all the above indicators we suggest an age of 3.52±0.68 Gyr for HIP 56948.
Age is a key parameter for SETI programs (Turnbull & Tarter, 2003) , as stars only 1-2 Gyr old may not have had enough time to develop complex life. Life on Earth apparently appeared within the first billion year of the Earth's formation (Schopf, 1993; Mojzsis et al., 1996; McKeegan et al., 2007; Abramov & Mojzsis, 2009 ), but there is no consensus on the exact date. Undisputed evidence for life can be traced back to about 2.7 Gyrs ago (e.g., see review by López-Garcia et al., 2006 ). Yet, complex life only appeared about 0.5-1 Gyr ago (Wray et al., 1996; Seilacher et al., 1998; Rasmussen et al., 2002; Marshall, 2006) . HIP 56948 is about one billion year younger than the Sun, so assuming a similar evolution path as that of life on Earth, complex life may be just developing (or already sprung if complexity elsewhere can arise earlier than on Earth) in any hypothetical Earth that this star may host
Conclusions
We have shown that using spectra of superb quality coupled to a fully differential analysis of solar twins and the Sun, it is possible to achieve measurements errors as low as 0.003 dex for several elements (Si, Ca, Ti, Cr, Fe, Co, Ni) . Considering also the uncertainties in stellar parameters, we achieve an unprecedented accuracy of only ∼0.005 dex (1 %) in relative abundances for some elements and < 0.01 dex for most elements. This is almost one order of magnitude better than state-of-the-art works in terms of absolute abundances (e.g., Asplund, 2005; Asplund et al., 2009) .
The star HIP 56948 is remarkably similar to the Sun in many different aspects. The effective temperature, log g, metallicity and microturbulence are very similar. The similarities also extend to its detailed chemical abundance pattern. The volatile elements are in excellent agreement, but the refractory elements are slightly (0.01 dex) more enhanced relative to the volatile elements in HIP 56948. From the comparison with the abundances of Earth-like and chondrite-like material, we infer that about twice as much rocky material may have formed around the Sun than around HIP 56948, albeit the amount of Earth-like material is comparable for both stars (∼2 M ⊕ ). The mass, luminosity and radius of HIP 56948 are essentially solar within the uncertainties. Lithium is severely depleted in HIP 56948, but not as much as in the Sun, as expected for a solar twin somewhat younger than the Sun. Finally, our precise radial velocity data shows that the inner region around HIP 56948 is free from giant planets, making thus more likely the existence of terrestrial planets around this remarkable solar twin. Considering its similarities to our Sun and its mature age, we urge the community to closely monitor HIP 56948 for planet and SETI searches, and to use other techniques that could further our knowledge about HIP 56948, such as for example asteroseismology, that have provided important constraints for the solar twin 18 Sco (Bazot et al., 2011) .
The abundances anomalies we have discussed here cannot be explained by contamination from AGB stars, SNIa, SNII or HN (Sect. 4), or by Galactic chemical evolution processes or age effects . Kiselman et al. (2011) have shown that the peculiar abundance pattern cannot be attributed to line-of-sight inclination effects. Also, the abundance trend do not arise due to the particular reflection properties of asteroids (appendix B). Although the abundance peculiarities may indicate that the Sun was born in a massive open cluster like M67 (Önehag et al., 2011) , this explanation is based on the analysis of only one solar twin. The Uppsala group is leading a high precision abundance study of other solar twins in M67, in order to confirm or reject this hypothesis. So far the best explanation for the abundance trend seems to be the formation of terrestrial planets. The Kepler mission should detect the first Earth-sized planets in the habitable zones of solar type stars. We look forward to use 8-10m telescopes to perform careful differential abundance analyses of those stars, in order to verify if our chemical signatures indeed imply rocky planets. (Chambers, 2010) to the convection zone of the present Sun , and the filled circles the effect of adding 3 M ⊕ of rocky material to the convection zone of HIP 56948. Abundances are normalized with respect to <C,O>. Both the Sun and HIP 56948 require ∼2 M ⊕ of Earth-like material, while the Sun requires much larger quantities of chondrite material. Notice the very small (<0.01 dex) element-to-element scatter. Fig. 9 . Location of the Sun and HIP 56948 on the HR diagram. Note the very small range of stellar parameters. Solarmetallicity isochrones of 1.5, 3.3, 4.6, and 5.5 Gyr are shown (dotted lines). The high precision of our derived stellar parameters for HIP 56948 allows us to infer a reasonable estimate of its age from the theoretical isochrones, even though they are densely packed in this main-sequence region. Fig. 10 . Age probability distributions (APDs) for the Sun (dotted line) and HIP 56948 (solid line). The dashed line corresponds to the APD that we would obtain for HIP 56948 if we had derived its stellar parameters from photometric data and Hipparcos parallax (the "standard" method) instead of performing our very precise strict differential analysis. Clearly, our differential approach gives much better results. The limits on age imposed by chromospheric activity and by rotation (v sini) are also shown (long dashed lines). The combined age probability distribution (solid line) is centered at 3.52 Gyr and has σ=0.68 Gyr.
Appendix A: Is the T cond -abundance trend real ?
We are just starting the era of high precision (0.01 dex) abundances studies, therefore the casual reader may question how real or universal is the abundance trend (<solar twins> -Sun) with condensation temperature. The trend was first found by , who determined a Spearman correlation coefficient of r S = +0. 91 and a negligible probability of only ∼ 10 −9 of this trend to happen by pure chance. These results, based on Southern solar twins observed at the Magellan telescope, are reproduced in the left-upper panel of Fig. A.1 , where the average abundance ratios of the solar twins is plotted against condensation temperature. Additional independent works are also shown in Figure A .1, where a line representing the mean trend found by , is superimposed upon the different samples.
The independent study by Ramírez et al. (2009) , using McDonald data of Northern solar twins, follows the same trend (Fig. A.1, upper-right panel) , as well as the average of six independent samples (Reddy et al., 2003; Allende Prieto et al., 2004; Takeda, 2007; Neves et al., 2009; Gonzalez et al., 2010, Bensby et al., in preparation) of solar analogs in the literature (2009) is good, except for the element O and to a lesser extent for S, for which it is difficult to determine precise abundances. In particular, notice that González Hernández et al. (2010) derived oxygen abundances from the [OI] 630nm line, which is badly blended with NiI. Also, notice that the [OI] feature is the weakest employed by them. Since their oxygen abundance is based on a single line, which is the weakest of all features analyzed by them, and that [OI] is blended with NiI, it is natural to expect that the O abundances in González Hernández et al. (2010) have the largest uncertainties. Furthermore, the HARPS spectra taken for planet hunting shows some contamination from the calibration arc, so that abundances derived from only one single feature should be taken with care.
Regarding the analysis of individual stars, most of them also display the abundance trend, as shown for example for four solar twins in Fig. 2 of Ramírez et al. (2009) and 11 solar twins in Fig. 4 of . Two new examples are shown in Fig. A.1 . In the bottom-left panel we shown the average abundance of the pair of solar analogs 16 Cyg A and B (Ramírez et al., 2011) , based on high resolution (R = 60,000) and high S/N (∼400) McDonald observations. As can be seen, this pair also follows the abundance trend, after a minor shift of −0.015 dex. In the bottom-right panel we show the abundance ratios of the solar twin 18 Sco (Meléndez et al. 2012, in preparation) , based on high quality (R = 110,000, S/N ∼ 800) UVES/VLT data. It is clear that the abundance trend is also followed by 18 Sco, after a shift of only +0.014 dex in the abundance ratios. Similar results are obtained using HIRES/Keck 17 The individual abundance ratios with errors larger than 0.1 dex were discarded from the data of González Hernández et al. (2010) (Meléndez et al. 2012, in preparation) , after a shift of +0.014 dex;. data (Meléndez et al. 2012 , in preparation; see also appendix B).
Thus, all recent high precision abundance studies based on different samples of solar twins and solar analogs in the Southern and Northern skies, using different instrumentation (Tull Coude Spectrograph at McDonald, MIKE at Magellan, HARPS at La Silla, UVES at the VLT, HIRES at Keck), all show the abundance trend. In conclusion, it seems that the reality of the abundance trend found by and Ramírez et al. (2009) , is well established. Juno (R = 110,000 and S/N ∼ 800) and high quality HIRES spectra of 18 Sco and the asteroid Ceres (R = 100,000, S/N ∼ 400). Juno is a S-type asteroid and Ceres is a C-type asteroid (e.g., DeMeo et al., 2009), therefore they have very different spectral properties and the relative analysis of 18 Sco to both Juno and Ceres should reveal if there is any problem in using their reflected solar light.
The analysis has been performed as described in Sect. 3. Our preliminary LTE results for the stellar parameters of 18 Sco are T eff = 5831±10 K, log g = 4.46±0.02 dex, [Fe/H] = 0.06±0.01 dex. Full details of the abundance analysis will be published elsewhere. In Fig.B .1 we show the difference between the [X/H] ratios obtained in 18 Sco using the Ceres and Juno asteroids, [X/H] 18Sco−Ceres -[X/H] 18Sco−Juno , or in other words the abundance difference (Juno -Ceres). Notice that the same set of lines was used for both analyses. The error bars shown in Fig.B .1 are the combined error bar based on the standard error (s.e.) of each analysis, i.e, error = s.e. 2 18Sco−Ceres + s.e. 2 18Sco−Juno . As can be seen, the standard errors fully explain the small deviations of the (Juno -Ceres) abundance ratios. The mean difference <Juno -Ceres> is only 0.0017 dex, and the elementto-element scatter is only 0.0052 dex, meaning that each of the individual analyses should have typical errors of about 0.003 -0.004 dex. The agreement is very satisfactory considering the different instrumentation employed and that the comparison between Juno and Ceres is done through a third object (the solar twin 18 Sco). Also, notice that there is no meaningful trend with condensation temperature. The test performed here strongly supports for our high precision and removes the possibility that the abundance trend may arise due to the particular properties of asteroids.
Besides the potential applications of high precision differential abundance techniques to study the star-planet connection, these techniques are also giving new insights in other areas. Nissen & Schuster (2010) Even a lower star-to-star scatter is found among "globular cluster star twins" (stars within ±100 K of a globular cluster standard star) of NGC 6752. Using superb spectra (R = 110,000; S/N = 500) obtained with UVES on the VLT (Yong et al., 2003 (Yong et al., , 2005 and applying similar techniques to those presented in Sect. 3, Yong et al. (2012, in preparation) have found an unprecedentedly low star-to-star scatter of only 0.003 dex in the iron abundances among NGC 6752 star twins, revealing chemical homogeneity in this cluster at the 0.7% level.
Appendix C: Determination of stellar parameters
As mentioned in Sect. 3, the excitation and ionization equilibrium do not depend only on T eff and log g, respectively. There is some dependence with other stellar parameters, but to a much lesser extent, such that a "unique" solution can easily be obtained after a few iterations. In practice, considering the weak degeneracies, a first guess of the effective temperature can be obtained computing the slope at three different T eff (e.g., in steps of 50 K and at fixed solar log g) at the best microturbulence velocity (at a given T eff and log g). Then a linear fit is performed to T eff vs. slope (see Fig. C.1 ) to find the effective temperature at slope = 0. Then, for this T eff we can run three models with different log g (e.g., in steps of 0.05 dex in log g) in order to find the best surface gravity, by fitting log g vs. ∆ II−I (see Fig. C.2) , and for each model the microturbulence is obtained. This leads to the first guess of T eff , log g and v t . Further iterations at smaller steps (down to 1 K in T eff , 0.01 dex in log g and 0.01 km s −1 in v t ) can quickly lead to the best solution that simultaneously satisfy the conditions of differential spectroscopic equilibrium (eqs. 2-4).
In Fig. C.1 we show that the excitation equilibrium provides a precise T eff . In this figure, effective temperature is plotted versus the slope = d(δA FeI i )/d(χ exc ). As can be seen, there is a clear linear relation between T eff and the slope, with some minor spread of only 0.8 K due to a range in adopted surface gravities.
Regarding the ionization equilibrium, we show in Fig. C .2 the dependence between surface gravity and ∆ II−I (see eq. 3). A linear fit represents well this relation, with a scatter in log g of only 0.006 dex for models in a range of effective temperatures.
In Fig. C.3 we show the linear dependence between microturbulence velocity and the slope d(δA
. For a given model, v t could be constrained to within 0.0004 km s −1 . A range in T eff (5791 K ≤ T eff ≤ 5797 K) and log g (4.40 dex ≤ log g ≤ 4.52 dex) imply in a scatter of only 0.009 km s −1 in v t . Given the above dependences, the stellar parameters T eff , log g and v t must be iteratively modified until the spectroscopic equilibrium conditions (equations 2-4) are satisfied simultaneously. Since the degeneracy is relatively small, the final solution (T eff /log g/v t = 5794 K/4.46 dex/1.00 km s −1 ) is very close to the independent solutions shown in Figs. C.1 -C.3 (5794.5 K/4.458 dex/1.006 km s −1 ). In order to check how unique is the derived final solution, we have run over 200 models with different stellar parameters, with a very fine grid (steps of only 1 K in T eff and 0.01 dex in log g) near our best solution. We then evaluated how close to zero are the slope in T eff (eq. 2) and the ionization equilibrium parameter ∆ II−II (eq. 3). The following quantity is evaluated for each model,
The model showing the lowest TG value would be the best spectroscopic solution, which in our case is obtained for T eff = 5794 K, log g = 4.46 dex, and v t = 1.00 km s −1 . A contour plot for the TG parameter is shown in Fig.C.4 . Besides the best solution at T eff = 5794 K and log g = 4.46 dex, there are a few other nearby plausible solutions, with a mean value at T eff = 5794.3±0.5 K and log g = 4.462±0.012 dex, shown by a cross in Fig.C.4 . Our grid samples a much larger coverage than that shown in Fig. C.4 , and we have verified that the best solution indeed represents a global minimum, i.e, there is no other solution that can simultaneously satisfy the conditions of differential spectroscopic equilibrium. Thus, within the error bars our solution is "unique".
Appendix D: Helium abundance and the age and log g of HIP 56948
Since our stellar parameters are very precise, actually the He abundance in HIP 56948 cannot be arbitrarily different from the solar He abundance. For example, an evolutionary track computed with a He abundance 5% higher than solar, would shift the T eff by about +74 K at the same log g, i.e., a change 10 times larger than our error bar in T eff , leading thus to no plausible solutions. We are currently building an extensive grid of models with He as a free parameter, using the Dartmouth stellar evolution code (Chaboyer et al., 2001; Guenther et al., 1992) , which is based upon the Yale stellar evolution code. In Fig. D .1, we show evolutionary tracks for M = 1.012 M ⊙ (solid lines), which is the best mass found for HIP 56948 using the Dartmouth tracks adopting the He solar abundance. These models were computed at three different helium abundances, solar and ±1% solar. We also show isochrones at 3 and 4 Gyr for different He abundances. The error bars in log g and T eff put constraints on the He abundance, which can not be radically different from solar. Notice that the isochrones run parallel to each other and with only a minor shift for a change of ±1% in the He abundance, resulting thus in about the same central solution for age, independent of the adopted He content. Therefore thanks to our small error bars in stellar parameters we can put stringent constraints on the age of HIP 56948. Interestingly, there is a degeneracy between He and mass, although below our 2% error bar in mass.
Another example where the adoption of a somewhat different He abundance did not affect much the stellar age is for the pair of solar analogs 16 Cyg A and B. For this pair, asteroseismology have recently constrained the ages of these stars, which are in excellent agreement with those derived from our isochrone technique, despite the somewhat different adopted He abundances. Based on three months of almost uninterrupted Kepler observations, Metcalfe et al. (2012) obtained an age = 6.8±0.4 Gyr for their optimal models, in excellent agreement with an age = 7.1±0.4 Gyr derived from our isochrone technique for the 16 Cyg pair (Ramírez et al., 2011) .
The effect of changing He by ±1% (in Y) in our model atmospheres has also a minor impact on the derived spectroscopic log g. As shown by Stromgren et al. (1982) , for solar type dwarfs the change in log g due to a change in the helium to hydrogen ratio (y = N He /N H ) is: The minimum is shown by a cross at T eff = 5794.3±0.5 K and log g = 4.462±0.012 dex, which is in excellent agreement with our adopted solution. The contour levels increase in steps of ∆TG = 0.1 from the minimum. Lind et al. (2011B) have shown that the relation above is also adequate for giant stars. For a change of +1% in Y in HIP 56948, the predicted change in log g is only -0.001 dex, which is well below our error bar in log g (0.02 dex). Thus, assuming that the He abundance of HIP 56948 is not radically different from solar, our derived spectroscopic log g value is essentially unaffected. 
Appendix E: v sin i and macroturbulence velocity
We have determined v sin i from the differential line broadening (HIP 56948 -Sun). Naively we could be assuming an identical macroturbulence for both stars, but at a given luminosity class, macroturbulence seems a smooth function of temperature (e.g., Saar & Osten, 1997; Gray, 2005; Valenti & Fischer, 2005) , so neglecting this effect can lead to a slight overestimation of v sin i in HIP 56948 because it is hotter than the Sun and therefore the contribution of v macro to the line broadening in HIP 56948 should be slightly larger.
The trend of macroturbulence velocity with T eff described by Gray (2005) A similar correlation was advocated by Valenti & Fischer (2005) (after normalization to v ⊙ macro = 3.50 km s −1 , which is the value obtained for the Sun using Gray's relation):
Finally, the mean relation (active and non-active stars) obtained by Saar & Osten (1997) , after transforming (B-V) to T eff (Valenti & Fischer, 2005) and normalizing it to v ⊙ macro = 3.50 km s −1 , is:
The first two relations are valid for ∼ 5000-6500 K, while the last relation is valid for ∼ 5000-6100 K. On average, the above relations predict a differential (HIP 56948 -Sun) ∆v macro = 0.044 ± 0.018 km s −1 .
In order to determine v sin i we selected 19 lines in the 602-682 nm region, although essentially similar results are obtained (albeit with even so slightly larger errors) when 50 lines covering the 446-682 nm region are used. First, we performed spectral synthesis of selected lines, in order to calibrate the relation between line width (in Å) and total broadening (in km s −1 ). Then, we estimated the total broadening using a much larger set of lines, and obtained vsini after subtracting both the instrumental and the macroturbulence broadening.
After taking into account the somewhat higher macroturbulence velocity of HIP 56948, we find v sin i/vsin i ⊙ = 1.006 ± 0.014, or ∆ v sin i = +0.013 ± 0.026 km s −1 (or ±0.032 km s −1
including the error in macroturbulence), i.e., HIP 56948 seems to have about the same rotation velocity as the Sun, or rotating slightly faster, although it is unclear how much faster due to the uncertain sin i factor. 
